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Biological, molecular, and epidemiological data have demonstrated that human T cell leukemia virus type 1 (HTLV-1)
encoded Tax protein plays a central role in the initiation of T cell malignancy. The 40-kDa Tax oncoprotein serves as a potent
transcriptional activator that induces viral gene expression driven by the HTLV-1 long terminal repeats and also stimulates
multiple cellular genes involved in T cell activation, cell cycle regulation, and gene activation. Since Tax has been shown to
interact directly and indirectly with the NF-kB/IkB regulatory proteins, we examined the significance of an in vivo association
between Tax and the IkBa inhibitor. Using GST affinity chromatography, Tax was shown to interact with the IkBa ankyrin
repeats which are essential for interaction with the NF-kB/Rel proteins. In vivo, using IkBa mutants and co-immunoprecipi-
tation, a preferential interaction between HTLV-1 Tax and N-terminally hypophosphorylated IkBa was detected. Tax also
enhanced binding of IkBa to the proteasome subunit HsN3, resulting in a Tax-enhanced, constitutive degradation of wild-type
and mutated forms of IkBa in the absence of phosphorylation and ubiquitination. Binding of IkBa to proteasome subunit HC9
was also observed, but this interaction occurred independently of Tax. Taken together, these results suggest a role for Tax
as a viral chaperone resulting in the enhanced constitutive turnover of IkBa. The association of Tax with hypophosphorylated
IkBa may prevent IkBa from binding to NF-kB and also target IkBa to the proteasome for degradation via a phosphorylation-
independent pathway. © 1998 Academic Press
INTRODUCTION
The human T cell leukemia virus type I (HTLV-1) is the
etiological agent of adult T cell leukemia (ATL), an ag-
gressive and fatal form of leukemia, and Tropical Spastic
Paraparesis/HTLV-1-associated myelopathy (TSP/HAM),
a progressive neurodegenerative disease (Poiez et al.,
1980; Yoshida et al., 1982; Gessain et al., 1992; Sodroski,
1992). Biological, molecular, and epidemiological evi-
dence indicates that the HTLV-1 encoded Tax protein
plays a central role in the initiation of malignancy (Felber
et al., 1985; Sodroski et al., 1985; Nyborg et al., 1988;
Pozzatti et al., 1990; Tanaka et al., 1990; Smith and
Greene, 1991; Hiscott et al., 1995; Matsumoto et al.,
1997). The Tax protein serves as a potent transcriptional
activator that induces viral gene expression, driven by
the HTLV-1 long terminal repeats (LTR) (Sodroski et al.,
1984; Felber et al., 1985; Fujisawa et al., 1985, 1986;
Paskalis et al., 1986) and also stimulates cellular genes
involved in T cell activation, cell cycle control, and gene
activation (Yoshida, 1993). Tax downregulates genes
such as CD3, Ick, DNA polymerase b, and tumor sup-
pressor genes NF-1 (Koga et al., 1989; Jeang et al., 1990)
and has also been shown recently to interact with p53,
resulting in the suppression of p53-mediated transacti-
vation (Pise-Masison et al., 1998).
Tax does not bind to DNA directly but rather mediates
its effects indirectly through protein–protein interaction
with host regulatory factors such as the CREB/ATF and
NF-kB transcription factors. Tax interacts with CREB/ATF
through the bZIP leucine zipper region, resulting in an
increase in the formation of CREB dimers (Wagner and
Greene, 1993; Giovanni et al., 1995). It is the CREB
dimers that bind to the CREB DNA binding site (Wagner
and Greene, 1993; Beg et al., 1995; Giovanni et al., 1995).
However, CREB binding to DNA is insufficient for trans-
activation but requires in addition the recruitment of the
CREB binding protein (CBP) by Tax (Kwok et al., 1996;
Giebler et al., 1997). The recruitment of CBP to the CREB
dimer by Tax forms a stable ternary structure, bypassing
the requirement for CREB phosphorylation and activating
CREB-mediated transactivation (Kwok et al., 1996; Gie-
bler et al., 1997).
Tax also physically interacts with the cyclin-dependent
kinase inhibitor, p16INK4A (Suzuki et al., 1996). The
p16INK4A has ankyrin motifs similar to IkBa, binds to the
cyclin-dependent kinases, CDK4 and CDK6, and inhibits
their activity, resulting in suppression of G1 phase pro-
gression. The binding of Tax to p16INK4A induces a re-
duction in the p16INK4A-CDK4 complex, with subsequent
activation of CDK4 kinase (Suzuki et al., 1996). A recent
yeast two-hybrid screen identified the human homolog of
the yeast mitotic checkpoint MAD1 protein as a Tax-
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associated protein (Jin et al., 1998) which localizes to the
centrosome during metaphase and to the spindle mid-
zone and midbody during anaphase and telophase. Ex-
pression of either Tax or dominant negative MAD1 re-
sulted in multinucleated cells, suggesting that by target-
ing MAD1, Tax causes the bypass of a critical mitotic
checkpoint that may lead to karyotypic abnormalities in
leukemic T cells (Jin et al., 1998).
The LTR of the HTLV-1 virus does not contain NF-kB
binding sites, and NF-kB is thus not essential for viral
gene expression; nonetheless, HTLV-1-infected and Tax-
expressing cells demonstrate constitutive NF-kB binding
(Beraud et al., 1994; Kanno et al., 1994; Lacoste et al.,
1995). Constitutive NF-kB activity is essential for the
maintenance of cellular immortalization and transforma-
tion in the presence of ras (Tanaka et al., 1990; Kitajima
et al., 1992). NF-kB/Rel transcription factors represent a
family of dimer-forming proteins that bind to the consen-
sus DNA sequence 59-GGGANNYYCC-39 and are pleio-
tropic regulators of cellular and viral genes implicated in
immunoregulatory processes and cell growth control (re-
viewed in Roulston et al., 1995; Verma et al., 1995; Bald-
win, 1996) In resting T cells, NF-kB/Rel proteins are
sequestered in the cytoplasm by ankyrin repeat-contain-
ing IkB inhibitory molecules that include IkBa, IkBb,
IkBe, p105, p100, and bcl-3 (reviewed in Verma et al.,
1995; Baldwin, 1996). Both IkBa and IkBb play an impor-
tant role in binding to NF-kB/Rel proteins. Cellular stim-
ulation by an array of activating compounds leads to the
rapid degradation of both IkBa and IkBb which in turn
permits nuclear translocation of the NF-kB/Rel dimers
(reviewed in Verma et al., 1995; Baldwin, 1996). Although
the precise mechanism remains unclear, Tax appears to
act at multiple levels to maintain constitutive NF-kB ex-
pression. Tax-expressing cells demonstrate increased
IkBa and IkBb phosphorylation and turnover (Kanno et
al., 1995; Lacoste et al., 1995; Maggirwar et al., 1995;
McKinsey et al., 1996), indicating that Tax is involved in
activating upstream mechanisms involved in IkBa phos-
phorylation and degradation. Tax has also been shown
to bind IkBa directly and appears to prevent IkBa from
binding to and inhibiting NF-kB (Suzuki et al., 1995; Petro-
poulos et al., 1996). Tax binds to the NF-kB precursor
proteins p105 and p100 resulting in the release of NF-kB
from cytoplasmic sequestration (Hirai et al., 1992; Wa-
tanabe et al., 1993, 1994; Lanoix et al., 1994; Munoz et al.,
1994). In addition to releasing the binding of NF-kB from
p105, Tax targets p105 for proteasome-mediated pro-
cessing, resulting in the generation of active p50 (Rous-
set et al., 1996). Finally, Tax also interacts with NF-kB
proteins through their Rel homology domain and in-
creases subunit dimerization in the absence of DNA.
Enhanced dimerization of NF-kB translates into en-
hanced DNA binding and perhaps enhanced gene trans-
activation (Wagner and Greene, 1993; Giovanni et al.,
1995). In vivo confocal studies have demonstrated that
Tax and NF-kB colocalize within nuclear bodies contain-
ing RNA polymerase II and specific transcription factors
(Bex et al., 1997).
In the present study, we demonstrate that Tax prefer-
entially interacts with N-terminally hypophosphorylated
IkBa and targets IkBa for signal independent, protea-
some mediated degradation. Furthermore, the Tax-IkBa
complex preferentially associates with the proteasome
subunit HsN3. This mechanism suggests that Tax can
target IkBa for degradation prior to its binding to NF-kB,
thus enhancing constitutive IkBa turnover.
RESULTS
Tax interacts with the ankyrin repeats of IkBa
Previous studies demonstrated that Tax interacted
with IkBa in vivo and in vitro (Suzuki et al., 1995; Petro-
poulos et al., 1996), as well as with the NF-kB p105
precursor through C-terminal ankyrin repeat of p105 (Hi-
rai et al., 1992, 1994). Thus to identify the IkBa domain
necessary for interaction with Tax, GST-IkBa deletions
were generated, containing the N-terminal, signal re-
sponse domain (GST-NIK, aa 1–55), the ankyrin repeats
(GST-ANK, aa 55–222), and the C terminus (GST-CIK, aa
272–317) (Fig. 1A). Using GST affinity chromatography,
recombinant Tax specifically interacted with full length
IkBa through the ankyrin repeat domain (Fig. 1B, lanes 2
and 5).
FIG. 1. Tax interacts with the ankyrin repeats of IkBa. (A) Truncated
IkBa fusion proteins, Gst-ANK (lane 2), Gst-NIK (lane 3), and Gst-CIK
(lane 4) and full-length Gst-IkBa (lane 6) were expressed and fusion
proteins checked by coomassie blue staining of the gel. (B) His-Tax
(lane 1), GST-NIK, ANK, CIK (lanes 2–4), GST alone (lane 5), and
full-length GST-IkBa (lane 6) proteins (300 ng) were immobilized onto
glutathione–Sepharose beads; affinity chromatography using His-Tax
(50 ng) was performed as described under Materials and Methods.
Recombinant Tax protein retained by the fusion proteins was eluted
and visualized by immunoblot analysis with anti-Tax antibody.
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Tax interacts with N-terminally hypophosphorylated
IkBa
The interaction between Tax and IkBa in C8166 cells
was stabilized by agents such as NAC or pyrrolidinedi-
thiocarbamate (PDTC) but not in untreated cells or in
cells treated with the proteasome inhibitor MG132
(Petropoulos et al., 1996). PDTC and NAC prevent the
inducible phosphorylation of IkBa (Lee et al., 1997).
Treatment of C8166 cells with antioxidant created a sta-
ble intracellular pool of IkBa that was almost exclusively
N-terminally unphosphorylated (Figs. 2A and 2B, lane 3).
Conversely, MG132 treatment prevented IkBa degrada-
tion but did not alter inducible phosphorylation of IkBa.
By inhibiting IkBa degradation, an intracellular popula-
tion of IkBa accumulated that consisted of IkBa Ser32/
Ser36-phosphorylated IkBa (Figs. 2A and 2B, lane 2). To
examine if Tax preferentially interacted with distinct
forms of IkBa, differing in their phosphorylation state,
extracts from untreated C8166 cells or cells treated with
MG132 or NAC (Figs. 2A and 2B, lanes 1–3) were immu-
noprecipitated using anti-Tax antibody and were selec-
tively immunoblotted for total IkBa (Fig. 2A) or Ser32-
phosphorylated IkBa (Fig. 2B). Tax co-immunoprecipi-
tated IkBa from cell extracts treated with NAC but not
with MG132 (Fig. 2A, lanes 5 and 6), whereas Tax anti-
body did not immunoprecipitate any Ser32-phosphory-
lated IkBa (Fig. 2B, lanes 4–7). Treatment of cells with
NAC or MG132 did not affect the levels of Tax protein in
C8166 cells (Fig. 2C, lanes 1–3).
To confirm the association between Tax and hypo-
phosphorylated IkBa, other experimental conditions
were examined: 293 cells were transiently transfected
with C-terminally truncated IkBa-D4 (Fig. 3) or with T7-
tagged K21/22R (Fig. 4) together with Tax. The D4 trun-
cation removes 22 C-terminal amino acids and can be
distinguished from endogenous human IkBa. Since T7-
K21/22R contains lysine to arginine point mutations at
amino acids 21 and 22, this mutant is phosphorylated
after treatment with activators of NF-kB but will not be
ubiquitinated on Lys21/22 or be degraded; thus phos-
phorylated IkB will accumulate in cells and provide a
measure of the interaction between hypo- and hyper-
phosphorylated IkBa and Tax. Cells cotransfected with
Tax and IkBa plasmids for 48 h were treated with TNFa
from 0 to 60 min, and cellular extracts were analyzed for
Tax and IkBa association. TNFa treatment induced
phosphorylation of endogenous IkBa beginning at 15
FIG. 2. Tax interacts with hypophosphorylated IkBa. C8166 cells
were pretreated for 30 min with the proteasome inhibitor MG132 (30
mM) (lanes 2 and 6) or with the anti-oxidant NAC (50 mM) (lanes 3, 5,
and 7), followed by treatment with TNFa (10 ng/ml) (lanes 2–7) for 1 h.
Cell extracts (50 mg) (lanes 1–3) were analyzed for IkBa (A) or Ser32-
phosphorylated IkBa (B). Immunoprecipitation of cell extracts (500 mg)
using anti-Tax antibody was performed (lanes 4–7) and immunoblotted
for IkBa (A) or Ser32-phosphorylated IkBa (B). Non-Tax-expressing
MT-4 cells were used as a control for testing Tax antibody specificity
(lane 7). (C) The levels of Tax from untreated (lane 1), MG132 (lane 2)-,
or NAC-treated (lane 3) C8166 cells (50 mg) were examined by immu-
noblot analysis.
FIG. 3. Tax immunoprecipitates hypophosphorylated IkBa and
IkBaD4. IkBaD4 protein contains a 22-aa deletion (aa295–317) at the C
terminus of IkBa. 293 cells were transfected with IkBaD4 and Tax-
expressing vectors and treated with TNFa (10 ng/ml) for 0–60 min. Cell
extracts (20 mg) (lanes 1–4) were analyzed for IkBa (A) or Ser32-
phosphorylated IkBa (B). Immunoprecipitation of cell extracts (500 mg)
using anti-Tax antibody were performed (lanes 5–9) and immunoblotted
for total IkBa (A) or Ser32-phosphorylated IkBa (B). In lane 9, control
sera was used for the immunoprecipitation step.
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min, detectable in immunoblotting as a slower migrating
form of IkBa (Fig. 3A, lanes 2–4); although more difficult
to resolve, phosphorylated IkBa-D4 was also detected
(Fig. 3A, lanes 2–4). When the phosphoserine-32-specific
antibody was used, phosphorylation of endogenous
IkBa and IkBaD4 was clearly detected after TNF addition
but not in untreated cells (Fig. 3B, lanes 1–4). Interest-
ingly, only N-terminally hypophosphorylated IkBa was
detected following immunoprecipitation with anti-Tax an-
tibody (Fig. 3A, lanes 5–8), whereas the Ser32-
phosphorylated IkBa was not immunoprecipitated by
anti-Tax antibody (Fig. 3B, lanes 5–8).
In experiments using the T7-K21/22R form of IkBa, the
phosphorylated form of T7-K21/22R was not distinctly sep-
arated from endogenous IkBa after TNF addition (Fig. 4,
lanes 1–4), but inducible phosphorylation of T7-K21/22R
was detected using the phosphoserine-32-specific anti-
body beginning at 15 min after TNFa treatment (Fig. 4B,
lanes 1–4). Immunoprecipitation with anti-Tax antibody, fol-
lowed by immunoblotting with anti-T7 antibody to detect
T7-K21/22R (Fig. 4A, lanes 5–8), revealed significant immu-
noprecipitated T7-K21/22R protein. In contrast, immunoblot-
ting for phosphoserine 32 T7-K21/22R failed to detect any
phosphorylated IkBa (Fig. 4B, lanes 5–8), indicating the
preferential association of Tax with the hypophosphory-
lated form of IkBa, in this case T7-K21/22R.
Tax interacts with newly synthesized IkBa in C8166
cells
In C8166 cells, inducible turnover of IkBa is rapid
(Lacoste et al., 1995) due to the expression of Tax; since
the pool of N-terminally unmodified IkBa is small,
[35S]methionine pulse-labeling for 1 h was used to mon-
itor Tax-IkBa interaction. To increase the proportion of
newly synthesized 35S-labeled IkBa, cells were treated
with TNFa for 1 h, together with NAC to inhibit Ser32 and
Ser36 phosphorylation of IkBa and then pulse labeled
with [35S]methionine for 1 h to permit intracellular accu-
mulation of hypophosphorylated IkBa. Similarly, cells
were treated with MG132 and TNF for 1 h, followed by
pulse labelling with [35S]methionine for 1 h to increase
the accumulation of Ser32/Ser36-phosphorylated, la-
beled IkBa. Cells were labeled in the absence of any
stimulus (Fig. 5, lane 1) or in presence of TNFa (Fig. 5,
lanes 2–6), pretreated with MG132 (Fig. 5, lane 3) or NAC
(Fig. 5, lanes 4–6). Immunoprecipitation of Tax from
FIG. 4. Tax immunoprecipitates hypophosphorylated IkBa-K21/K22. The T7-tagged IkBa transdominant mutant contains K-to-R substitutions at aa21
and 22 (T7-K21/22R). 293 cells were transfected with the T7-K21/22R and Tax-expression vectors and treated with TNFa (10 ng/ml) for 0–60 min. Cell
extracts (20 mg) (lanes 1–4) were analyzed for IkBa (A) or S32-phosphorylated IkBa (B). Immunoprecipitations of 500 mg of cell extract using anti-Tax
were performed (lanes 5–9) and immunoblotted for IkBa (A) or Ser32-phosphorylated IkBa (B).
FIG. 5. Tax immunoprecipitates newly synthesized IkBa. C8166 and
MT4 cells were [35S]methionine-labeled in the presence of NAC (50
mM) (lanes 4–6) or MG132 (30 mM) (lane 3) for 1 h followed by
treatment with TNFa (10 ng/ml) for an additional hour in lanes 2–6.
Immunoprecipitations of 500 mg of cell extract using anti-Tax antibody
(lanes 1–5) or anti-IkBa (lane 6) were performed. The samples were
resolved on a 12% SDS–PAGE and autoradiographed for 3 days.
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C8166 cells also co-immunoprecipitated newly synthe-
sized 35S-labeled IkBa (Fig. 5, lanes 1 and 2). However,
from extracts of C8166 cells pretreated with MG132, Tax
did not immunoprecipitate IkBa (Fig. 5, lane 3). When
NAC was used, newly synthesized IkBa was not phos-
phorylated and a fivefold increase in Tax association
with IkBa was observed (Fig. 5, lane 4). The same ex-
periment was performed using MT4 cells, which do not
express Tax to monitor specificity of the Tax antibody; in
this case, anti-Tax antibody did not co-immunoprecipitate
IkBa (Fig. 5, lane 5).
Tax enhances binding of IkBa to the proteasome
Tax was shown recently to interact with two protea-
some subunits, HC9 and HsN3 (Rousset et al., 1996).
Moreover, p105 bound preferably to the HC9 subunit in
the presence of Tax; as a consequence, proteasome
interaction as well as p105 processing was enhanced in
the presence of Tax (Rousset et al., 1996). Since Tax
interacts with IkBa through the ankyrin repeats, we next
sought to determine whether Tax played a similar role in
enhancing IkBa association with the proteasome. 293
cells were transfected with the T7-K21/22R mutant and
either HC9 or HsN3. The level of T7-K21/22R binding to
the proteasome subunits was analyzed by immunopre-
cipitation of the proteasome subunits in the presence or
absence of Tax (Fig. 6). Although IkBa bound to the HC9
subunit, no significant enhancement of binding was ob-
served in the presence of Tax when immunoprecipitation
was performed using anti-flag (HC9) antibody (Fig. 6A,
lanes 2 and 3). Similarly, when the reverse immunopre-
cipitation was performed using anti-T7 tag antibody,
equal levels of HC9 interacted with IkBa (Fig. 6A, lanes
4 and 5). To ensure the specificity of the antibody in the
immunoprecipitations, reactions incubated in the ab-
sence of flag antibody (Fig. 6A, lane 1) and anti-T7 tag
antibody (Fig. 6A, lane 6) were performed. Interestingly, a
Tax-dependent binding of IkBa to the HsN3 proteasome
subunit was detected by co-immunoprecipitation (Fig.
6B, lanes 2 and 3). Likewise, the reverse immunoprecipi-
tation performed with anti-T7 tag antibody demonstrated
a Tax-dependent association of IkBa with the HsN3
proteasome subunit (Fig. 6B, lanes 5 and 6). Similarly,
antibody specificity was ensured by incubation of reac-
tions without anti-flag antibody (Fig. 6B, lane 1) or anti-T7
tag antibody (Fig. 6B, lane 6). Tax alone was capable of
interacting with T7-K21/22R in the absence of the pro-
teasome subunits (Fig. 6C; lane 1). In addition, Tax alone
demonstrated an interaction with both HsN3 (Fig. 6C,
lane 2) and HC9 (Fig. 6C, lane 3). No T7-K21/22R was
immunoprecipitated in the absence of Tax (Fig. 6C, lane
4). These cotransfection-immunoprecipitation studies
demonstrate that Tax enhances the association of IkBa
with the HsN3 proteasome subunit.
Constitutive turnover of IkBa in the presence of Tax
Constitutive IkBa degradation occurs independently of
phosphorylation and ubiquitination (Krappmann et al.,
1996). Since the IkBa(2N) and DNIkBa mutants are re-
sistant to signal mediated degradation but maintain con-
stitutive turnover, these IkB forms were used to investi-
gate whether Tax promotes signal independent turnover
of IkBa. To do so, wild-type IkBa, IkBa(2N), or DNIkBa-
expressing plasmids were transfected into NIH3T3 cells
in the presence or absence of Tax-expressing plasmid.
Following a 48-h incubation, cells were labeled with
[35S]methionine for 1 h, chased with cold methionine for
0–16 h, followed by analysis of IkB turnover (Fig. 7). In all
examples, the turnover of IkB occurred more rapidly in
the presence of Tax compared to its absence, although
the rates of turnover varied with the different IkB pro-
teins. For example, turnover of wild-type IkBa alone (Fig.
7A, lanes 1–4) had a T1/2 of 10 h in the absence of Tax
and a T1/2 of 5 h in the presence of Tax (Fig. 7A, lanes
5–8). In the case of IkBa(2N), the T1/2 values were ;7
and 4 h, respectively (Fig. 7B). Similarly, DNIkBa (without
the signal response domain), demonstrated T1/2 values
of 8 vs 6 h in the absence or presence of Tax, respec-
tively (Fig. 7C). Therefore Tax protein enhanced consti-
tutive IkBa turnover in the absence of phosphorylation
and ubiquitination.
DISCUSSION
In the present study, we demonstrate that (1) HTLV-1
Tax interacts with the ankyrin repeats of IkBa, which are
essential for interaction with the Rel domain of the NF-
kB/Rel proteins; (2) Tax preferentially interacts with N-
terminally hypophosphorylated IkBa; (3) in addition, Tax
enhanced constitutive degradation of wild-type and mu-
tated forms of IkBa in the absence of phosphorylation
and ubiquitination; and finally (4) Tax also enhanced
binding of IkBa to the proteasome subunit HsN3. The
interaction of Tax with hypophosphorylated IkBa may
serve the dual purpose of preventing IkBa from binding
to and sequestering NF-kB and also acting as a viral
chaperone to target IkBa to the proteasome for degra-
dation via a phosphorylation-independent pathway.
In support of this idea, Tax was found to activate NF-kB
in cell lines in which IkBa cannot be inducibly degraded.
Induction of NF-kB in these cell lines involved degradation
of IkBa by the proteasome without phosphorylation (Cour-
tois et al., 1997). Furthermore, Tax is able to directly asso-
ciate with the proteasome subunits HC9 and HsN3 and
enhance the constitutive processing of p105, forming a
ternary complex between p105, Tax, and HC9 (Beraud et al.,
1996; Rousset et al., 1996). The model emerging for IkBa
degradation involves two pathways: phosphorylation/ubiq-
uitination-dependent and -independent pathways. The
phosphorylation/ubiquitination-dependent pathway re-
quiresphosphorylation within the signal response do-
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main (SRD) of IkBa at Ser32 and Ser36 in response to a
broad spectrum of stimuli including cytokines, LPS, PMA,
and viruses (Scherer et al., 1995; Traenckner et al., 1995;
Beauparlant et al., 1996). Ser32/Ser36 phosphorylation
by the IkB kinase (IKK) is a prerequisite to ubiquitination
at Lys 21 and Lys 22 that then targets IkBa to the 26S
proteasome for degradation (Scherer et al., 1995; Mer-
curio et al., 1997; Yaron et al., 1997).
The phosphorylation/ubiquitination-independent path-
way is not well understood but appears to be involved in
the constitutive turnover of IkBa. By this mechanism,
IkBa need not be phosphorylated or ubiquitinated to be
degraded by the proteasome. Substrate ubiquitination is
not an absolute requirement for degradation by the pro-
teasome, as demonstrated for the c-Jun protein (Jariel-
Encontre et al., 1995; Krappmann et al., 1996). Constitu-
tive turnover of IkBa requires the C-terminal PEST re-
gion, a domain upstream of the PEST domain, and the
ankyrin repeats (Krappmann et al., 1996; Kroll et al.,
1997). The C-terminal PEST domain of IkBa is a highly
acidic domain (rich in proline, glutamic acid, serine, and
threonine) involved in proteolysis of several cellular pro-
FIG. 6. Tax enhances the binding of IkBa to the proteasome. 293 cells were cotransfected with T7-K21/22R (5 mg), Tax (5 mg), and pSGF-HC9 (5
mg) or pSGF-HsN3 (5 mg). Cells were harvested after 48 h, and 500 mg of cell extract was used per immunoprecipitation sample. (A) Analysis of the
association of T7-K21/22R with HC9 in the presence and absence of Tax. Cell extract from cells transfected with T7-K21/22R, pSGF-HC9, with Tax
(lanes 3 and 5) or without Tax (lanes 2 and 4) were immunoprecipitated with anti-flag HC9 (lanes 1–3) or anti-T7 tag (lanes 4–6) and immunobloted
for T7-K21/22R or HC9, respectively. Specificity of anti-flag was tested in lanes 1 and 6. (B) Extract from cells transfected with T7-K21/22R and
pSGF-HsN3, without Tax (lane 2 and 4) or with Tax (lane 1, 3, 5, and 6) were immunoprecipitated with anti-flag HsN3 (lanes 1–3) or anti-T7-tag (lanes
4–6) and immunobloted for T7-K21/22R or HsN3, respectively. Specificity of the binding was determined by incubation of extract in the absence of
anti-flag HsN3 (lane 1) and anti-T7 tag (lane 6). (C) Analysis of the association of T7-K21/22R in the presence of Tax, HC9, or HsN3. The binding of
T7-K21/22R to Tax (lane 1), HsN3 (lane 2), or HC9 (lane 3) in the presence of Tax was determined by immunoprecipitation with anti-Tax and
immunobloted for T7-K21/22R. Tax co-immunoprecipitates T7-K21/22R in the absence of proteasome subunits (lane 1). The specificity of binding of
Tax to T7-K21/22R was tested by incubating extract without anti-Tax (lane 4).
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teins (reviewed by Rechsteiner and Rogers, 1996), al-
though it is not clear in what way the sequence contrib-
utes to targeting the protein for the degradation machin-
ery (Rodriguez et al., 1995; Whiteside et al., 1995; Kroll et
al., 1997). Signal-independent destruction of IkBa is ac-
complished by the proteasome (since proteasome inhib-
itors such as MG132 inhibit both inducible and constitu-
tive turnover). The IkBa SRD involved in inducible deg-
radation is not required for basal turnover (Krappmann et
al., 1996), since deletion of the N-terminal SRD does not
affect the high turnover of free IkBa or the reduced
turnover of NF-kB-bound IkBa. In cells carrying a tem-
perature-sensitive E1 ubiquitination mutant, the turnover
of IkBa was not affected when the E1 enzyme was
inactivated after shifting to the restrictive temperature;
the possibility of low-level activation of IkBa via phos-
phorylation was also excluded (Krappmann et al., 1996).
Thus substrate ubiquitination does not appear to be
required for IkBa constitutive turnover in vivo, suggesting
the existence of different mechanisms controlling signal-
dependent and constitutive degradation.
Three recent studies have demonstrated that Tax en-
hances the phosphorylation-dependent mechanism of
IkBa degradation by stimulating the IkB kinase activity
(IKK), responsible for phosphorylation of Ser32 and
Ser36 (DiDonato et al., 1997; Mercurio et al., 1997; Re´g-
nier et al., 1997; Woronicz et al., 1997; Zandi et al., 1997).
In one study, Tax was found to bind to the N-terminal
domain of MEKK1, a component of the IkB kinase com-
plex and stimulate MEKK1 activity. Tax expression in-
creased the activity of IKKb to enhance phosphorylation
of IkBa. Furthermore dominant negative mutants of both
IKKb and MEKK1 prevented Tax activation of the NF-kB
pathway, while recombinant MEKK1 stimulated IKKb
phosphorylation of IkBa (Yin et al., 1998). Another study
demonstrated that Tax associated with the IKK and con-
stitutively activated both forms of IKK in Tax transfectants
or HTLV-1-infected T lymphocytes. Point mutations in Tax
that disrupted the IKK-binding function of Tax also
blocked Tax-mediated activation of IKK and NF-kB (Chu
et al., 1998). Similarly, constitutive IKK activation was
demonstrated in Tax-expressing and HTLV-1 infected
FIG. 7. Tax enhances the constitutive turnover of IkBa. NIH3T3 cells were transfected with either 7 mg of IkBa (A), IkBa(2N) (B), or DNIkBa (C) alone
(lanes 1–4) or with 10 mg of Tax-expression plasmid pHTat (lanes 5–8) and cultured for two days. Cells were then pulse-labeled with [35S]methionine
for 1 h and chased with cold methionine for 0, 4, 8, and 16 h. Cell extracts were prepared, and a double immunoprecipitation was performed using
antibody directed against the N-terminal region of IkBa in the case of IkBa (A) and IkBa(2N) (B) or C terminus for DNIkBa (C). The positions of the
37-kDa IkBa, IkBa(2N), and DNIkBa (34 kDa) are indicated. Protein gels were resolved on 10% polyacrylamide gels and band intensities quantified
by the NIH imaging program. On the right side of the figure, signals corresponding to IkBa, IkBa(2N), and DNIkBa were quantified and the relative
turnover values were determined.
195HTLV-1 Tax AND IkB INTERACTIONS
cells with the additional involvement of the NF-kB induc-
ing kinase (NIK). Inactive forms of either IKKs or NIK
attenuated Tax-mediated NF-kB activation (Uhlik et al.,
1998). In accord with the above studies, Nicot et al.
recently demonstrated that cytoplasmic forms of Tax
caused a reduction in the amount of IkBa and constitu-
tive activation of NF-kB DNA binding in the nucleus,
consistent with the alteration of the NF-kB signaling
pathway by cytoplasmic Tax (Nicot et al., 1998). This
latter study also reinforces the potential importance of
cytoplasmic relocalization of Tax in T-cell transformation
and viral latency (Beraud et al., 1994; Lanoix et al., 1994;
Pepin et al., 1994). These observations are particularly
appealing since they provide a molecular mechanism for
signal-induced degradation of IkB in HTLV-1-infected
cells and the constitutive presence of NF-kB DNA bind-
ing activity as a consequence of the coupling of the viral
Tax oncoprotein to the IKK-MEKK1 signaling pathways
(Chu et al., 1998; Uhlik et al., 1998; Yin et al., 1998).
MATERIAL AND METHODS
Cell culture
NIH3T3 and 293 cells were grown in alpha minimal
essential medium containing 10% fetal calf serum. The T
cell lines, Jurkat, MT4, and C8166, were grown in sus-
pension in RPMI 1640 (GIBCO), with 10% fetal bovine
serum. All cell lines were supplemented with 2 mM
L-glutamine and gentamicin (10 mg/ml). Jurkat cells were
transfected by DEAE-dextran method and 293 cells by
calcium phosphate coprecipitation method.
Plasmids and constructs
The fragment containing the amino-terminal 55 amino
acids (aa) of IkBa. (NIK) was amplified by PCR with
primer A (5’-GATCGTCGACAGCTCGTCCGCGCCATGTTC-
39) and B (59-GTCCGTCGACCTCGGTGAGCTGCTGCT-
TCC-39), cut with SalI, blunt ended, and cloned into the
SmaI site of pGex-2T. The IkBa ankyrin (ANK) domain
was amplified using primers C (59-GTGAGAATTCCCTCT-
GTGTCA-39) and D (59-TTCAGGGATCCTGTAATGGCC-39).
The fragment was digested with BamHI and EcoRI and
cloned into pGex-2T. The C-terminal domain was sub-
cloned from pSVK3-IkBa using restriction sites PvuII/SalI
and cloned into SmaI/SalI of pGex-4T-2. The full-length
IkBa was cloned into the EcoRI site of pGex-2T. Other
IkBa expressing plasmids including IkBa-2N (containing
the Ser32/36Ala point mutations), IkBa-D4 (which has a
C-terminal deletion from aa 296 to 317) were previously
described (Lin et al., 1996). Proteasome subunits HC9
(pSGF-HC9) and HsN3 (pSGF-HsN3), which were a kind
gift from Dr. Pierre Jalinot (Ecole Normal Superieure,
Lyon, France), contain an N-terminal Flag tag (Rousset et
al., 1996). T7-tagged K21/22R (Scherer et al., 1995) was a
kind gift from Dr. D. Ballard (Howard Hughes Medical
Institute, Vanderbilt University).
Protein expression and purification
The IkBa fusion proteins of GST-IkBa, GST-NIK (1–55
aa), GST-ANK (55–222 aa), and GST-CIK (272–317 aa)
were isolated from Escherichia coli DH5a following a 3-h
induction with 1 mM IPTG (Pharmacia) at 37°C. Bacterial
extracts in PBS containing 1% Triton X-100 were incu-
bated with glutathione sepharose beads (Pharmacia) for
20 min at room temperature. After washing three times
with PBS, the fusion proteins were stored on the beads
with the addition of protease inhibitors. Tax was polyhis-
tidine tagged by subcloning into the pAcH6N1 vector. For
the production of polyhistidine-tagged protein, recombi-
nant baculoviruses were prepared using the BaculoGold
transfection kit as recommended by the manufacturer
(PharMingen). Sf9 cells were infected with recombinant
baculoviruses and cultured for 4 days at 28°C. Infected
cells were harvested, washed with PBS, and lysed in
binding buffer (5 mM imidazole, 500 mM NaCl, 20 mM
Tris–HCl, pH 7.9). Recombinant proteins were purified
using rapid affinity purification with His-Bind metal che-
lation resin under nondenaturing conditions as recom-
mended by the manufacturer (Novagen, pET System
Manual).
GST affinity chromatography
The GST-IkBa, GST-NIK, GST-ANK, and GST-CIK fusion
proteins were expressed and immobilized on glutathione
beads as described above. GST-IkB proteins immobilized
onto glutathione agarose beads were washed three times
with HNTG (20 mM HEPES, pH 7.9; 150 mM NaCl; 10%
glycerol; and 0.1% Triton). For protein interactions, 300 ng of
glutathione-agarose-bound GST-IkB was incubated over-
night at 4°C with 50 ng of His-Tax in a final HNTG volume
of 200 ml. Following incubation, the beads were washed
three times in 500 ml of HNTG and 20 ml of SDS sample
buffer was added. The samples were then boiled and
loaded on a 10% SDS–PAGE. After electrophoresis, the
proteins were transferred to Hybond transfer membrane
(Amersham) and then probed with anti-Tax antibody as
described previously (Petropoulos et al., 1996).
Immunoprecipitation and Western blot analysis of IkBa
Human 293 cells (2 3 106 cells) were transfected by the
calcium phosphate precipitate method with wild-type Tax
(10 mg) and with 10 mg of IkBa-D4 or T7-tagged K21/22R
IkBa (Liou et al., 1994; Lin et al., 1996) for 48 h. C8166 cells
were either not treated or treated with MG132 (30 mM) (ICN)
or with 30 mM N-acetylcysteine (NAC) (Boeringer Mann-
heim GmbH) for 1 h. Cells were lysed in TNN buffer [20 mM
Tris-HCl (pH 7.5), 200 mM NaCl, and 0.5% NP-40]. Extracts
were then subjected to immunoprecipitation as follows:
protein (500 mg) was diluted in TNN. The extract was first
precleared by incubation with normal rabbit or mouse se-
rum at a final dilution of 1:25 for 1 h at 4°C, followed by
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recovery of nonspecific immune reactions on protein
A–Sepharose (4°C, 1 h). Polyclonal anti-Tax antiserum was
then added to a final dilution of 1:25 and incubated for an
additional 1 h at 4°C. The specific immune complexes were
recovered with protein A–Sepharose by a final incubation of
1 h at 4°C. The beads and immune complexes were
washed three times in TNN, resuspended in sample buffer,
boiled, and resolved on SDS–PAGE. Gels were transferred
to nitrocellulose and incubated overnight with monoclonal
IkBa or rabbit Ser32 phophorylated specific IkBa antibody
(New England Biolabs). Similarly, peroxidase-conjugated
anti-mouse antibody was used against the monoclonal an-
tibody and the bands visualized by the enhanced chemilu-
minescence detection system (Amersham).
Pulse–chase analysis
NIH 3T3 cells transfected with 7 mg of IkBa or
IkBa(2N) and 293 cells with DNIkBa with and without
Tax (10 mg) were cultured for 1 h in methionine-free RPMI
supplemented with 2% dialyzed fetal calf serum, pulse-
labeled for 1 h with [35S]methionine (0.5 mCi/ml, ICN,
Trans-label), and chased with cold methionine for 0, 4, 8,
and 16 h. Cells were harvested and lysed in TNN buffer
[20 mM Tris–HCl, pH 7.5; 200 mM NaCl; 0.5% Nonidet-
P40 (NP-40); 0.5 mM phenylmethysulfonyl fluoride
(PMSF); 5 mg/ml leupeptin; 5 mg/ml pepstatin; 5 mg/ml
aprotinin; 10 mM NaF; and 0.4 mM Na3VO4]. Extracts
were then subjected to immunoprecipitation as follows:
500 mg of protein was first precleared by incubation with
5 ml of preimmune rabbit serum and 20 ml of protein
A–Sepharose beads (Pharmacia) for 1 h at 4°C. The
extract was incubated with 10 ml of anti-IkBa antibody
specific for the N terminus (IkBa, 2N) or C terminus
(DNIkBa) and 30 ml of protein A–Sepharose beads over-
night at 4°C. Specific immune complexes were recov-
ered on protein A–Sepharose beads, washed three times
with 500 ml of TNN buffer, resuspended in sample buffer,
boiled, and resolved on a 10% SDS–PAGE. After gels
were run, they were fixed, enhanced for fluorography
(Amersham), dried, and autoradiographed at 280°C.
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